Current treatment protocols for chemical warfare casualties assume no IV access during the early treatment stages. Time constraints in mass casualty scenarios, impaired manual dexterity of medical personnel wearing protective gear, and victims' complex clinical presentations render standard IV access techniques impractical. A newly developed spring-driven, trigger-operated intraosseous infusion device may offer an effective solution. Sophisticated simulators were developed and used to mimic scenarios of chemical warfare casualties for assessing the feasibility of intraosseous infusion delivery. We evaluated the clinical performance of medical teams in full protective gear. The success rate in intraosseous insertion, time to completion of treatment goals, and outcome were measured in a simulated setting. Medical teams from major hospitals in Israel, designated for emergency response in a real chemical warfare mass casualty scenario, were trained in a simulated setting. All 94 participating physicians were supplied with conventional treatment modalities: only the 64 study group physicians received intraosseous devices. The simulated survival rate was 73.4% for the study group and 3.3% for the controls (P Ͻ 0.001). Treatment goals were achieved within 3.5 min (range, 1-9 min) in the study group and within Ͼ10 min for controls (P Ͻ 0.001), and the complication rate for intraosseous use was 13.8%. Personnel satisfaction with the intraosseous device was unanimous and high. New-generation intraosseous infusions have great potential value in the early treatment stages of chemical warfare casualties.
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E
xposure to volatile nerve agents may cause the development over minutes of toxic symptoms related to excessive cholinergic discharge, eventually leading to death from respiratory failure (1) . The survival of casualties may depend on the efficiency and promptness of medical assistance involving the use of specific antidotal treatment and supportive respiratory and hemodynamic measures (2) .
The initial treatment of nerve agent casualties involves the protection of medical teams from exposure to the volatile nerve agents by use of full protective gear. The physical limitations of medical performance induced by the protective gear (3), combined with the chaotic nature of the expected mass casualty scenario, render intravascular access impractical at this stage of treatment.
On the basis of the early need for antidotal treatment, current protocols for the medical treatment of chemical warfare casualties assume the use of automatic IM antidote delivery without IV access during the early stages of treatment. This mode of antidotal treatment might be less effective in severe casualties, because of delayed absorption of medications, and in babies, in whom the dose of medication needs to be titrated to body weight (3). Venous access for antidotal treatment and fluid resuscitation mainly of combined toxicological and conventional injuries might, however, be problematic, even in the later stages of medical treatment, and alternatives such as an intraosseous (IO) line would appear to be of great benefit.
Until recently, IO lines could be used only in pediatric patients. The manual insertion of IO needles in adults (and even older children) was often unsuccessful because the needles tend to bend or slip off the surface of the harder adult bone (4, 5) . The development of spring-driven, trigger-operated devices for the insertion of the IO needle has made this technique suitable for both pediatric and adult patients, as previously described in studies that were not related to the chemical warfare casualty situation and in which the participants did not wear protective clothing (5) (6) (7) (8) . After insertion, the IO needle provides access to the noncollapsible marrow venous plexus and serves as a rapid, safe, and reliable route for the administration of medications and fluids during resuscitation (9 -12) . Moreover, IO infusion achieves peripheral-to-central circulation transit times comparable to those achieved by the IV route (13, 14) .
The aim of this study was to assess the value of applying a spring-driven, trigger-operated IO device in the treatment of chemical warfare casualties in patients of all ages. These evaluations were performed by means of advanced medical simulation technology.
Methods
The study was performed during a training project for national medical preparedness for the possibility of a chemical warfare mass casualty scenario. The training involved 550 participants-medical doctors and nurses from 9 major hospitals-over twelve 1-day sessions. Ninety-four of the participants (31 anesthesiologists, 23 pediatricians, 21 surgeons, and 19 internists) taking care of severely injured chemical warfare participants were assigned to give the initial treatment with (study group) or without (control group) the ability to use IO access for drug administration. To achieve similarity in training conditions and avoid confusion among participants in each of the 5 training days, randomization to the control and study groups was performed according to days and not according to individual participants. Randomization of the study terms assigned physicians trained during the first 3 training days to serve as the study group. Physicians trained during the next 2 consecutive training days served as the control group (Table 1) . Pediatricians were assigned to treat infants and children, and other participants treated adult casualties.
Equipment used during training included airwayand breathing-management equipment, automatic autoinjectors for atropine and toxogonine administration, and midazolam and diazepam for the treatment of convulsions. The 64 physicians in the study group were allowed to use an IO device.
Three scenarios were created with the assistance of medical experts in the treatment of chemical warfare casualties from the Israeli Defense Force Medical Corps and were based on information from reported casualties (15) . The expected medical treatment for all the simulated casualties included 1) the achievement of airway and ventilation management by orotracheal intubation, 2) antidotal treatment with automatic autoinjectors (in the control group) and automatic autoinjectors or the IO device (in the study group), and 3) treatment of convulsions with benzodiazepines administered either IM or IO (Figs. 1 and 2). Any patient in whom a definitive airway was not established within 10 min was defined as not surviving. To accomplish these objectives, the participants had to overcome a preprogrammed "difficult airway management" scenario complicated by convulsions and copious airway secretions in infants and children or by trismus and laryngospasm in adults. The clinical response was related to the method of drug delivery: IM drug delivery induced a delayed response (16, 17) in comparison with IO delivery (13, 14) .
The SimMan and AirMan (Laerdal Medical AS, Stavanger, Norway) mannequins are computerdriven, full-body mannequins that allow the simulation of advanced life-support skills. They can be preprogrammed to simulate different pathophysiological situations and play the role of the patient in interactive instructor-led training. The Human Patient Simulator (Medical Education Technologies Inc., Sarasota, FL) is a sophisticated, high-fidelity, computer-driven, interactive, lifelike mannequin. It simulates clinical and anatomical variables as physiological and pharmacological models control the patient-simulator responses (both normal and pathologic) to medications, mechanical ventilation, and other medical interventions.
The Megacode Kid CPR-7500 (Medical Plastics Laboratory, Inc., Gatesville, TX) is a full-body mannequin reproduction of a 6-yr-old boy which is designed for the simulation and practice of a complete range of patient-care procedures. This mannequin also enables IM injections, venipuncture, IO access, and endotracheal intubations. The ALS baby trainer (Laerdal Medical AS) is a 3-mo-old, 5-kg baby simulator designed to provide airway management, vascular access, IO access, and endotracheal intubations. Study and control groups represent the participating physicians' composition and casualties' age group composition.
Modifications were made to the adult simulators to enable the use of IO needles. A round hole was cut in the tibial plateau of the mannequin's leg. A small reservoir was fitted into this hole and covered with an artificial bonelike material (Sawbones; Pacific Research Laboratories, Vashon, WA) and silicone rubber "skin." Alterations were also made to simulate seizure activity in the adult, pediatric, and infant simulators, and simulation of vomiting was added to some of the adult simulations.
The Bone Injection Gun (BIG) (WaisMed Ltd., Caesarea, Israel) is a spring-driven, trigger-operated device (Fig. 3 ). An adult and a pediatric version were used. Each participant underwent training in the proper use of the device. All simulations on the mannequins were performed in a specially designed environment that included simulated smoke, the sounds of sirens, and flashing emergency lights.
The following variables were documented in a standardized simulated chemical warfare mass casualty setting for each simulated scenario: time to completion of treatment and of treatment components, success rate in IO insertion, simulated patient outcome, complication rate for the use of the IO device, and physicians' field of specialty. The rating and documentation of the measured variables were done by trained clinicians who directly observed the participants in action and filled in a standard checklist in real time. These observers were team members of the simulation center with a thorough knowledge of the medical aspects of chemical warfare and the expected medical treatment for all the simulated casualties. They were pretrained for the observation and charting of the study variables.
Team satisfaction with the addition of the BIG was assessed by questionnaires. The participants were asked their opinion of whether the device was simple and safe to use, whether they thought it had an important role in the chemical warfare scenario, and whether it should be incorporated into the medicalpreparedness process. The 2 test was used for testing the correlation between alphanumeric variables. The variables included comparing the composition of the study and control groups with regard to physician specialty and the types of casualties and comparing the rates of survival within the study and control groups with regard to physician specialty and types of casualties. We used the Mann-Whitney U-test for two independent samples for comparing the duration of treatment between the study and control groups. In the study group, we used Student's t-test for comparing two independent variables with nonequal variance for comparing the means of duration of administering treatment between anesthesiologists and other physicians.
Results
The similarity in the fields of specialty training of the study and control groups was statistically confirmed ( 2 ϭ 1.05; df ϭ 3; P ϭ 0.79), as was the similarity of age groups of the casualties ( 2 ϭ 1.20; df ϭ 2; P ϭ 0.55) ( Table 1) . The survival rate, defined as a definitive airway established within 10 min from the beginning of treatment, was more frequent in the study group in comparison with the control group (73.4% of casualties versus 3.3%, respectively; 2 ϭ 37.42; df ϭ 1; P Ͻ 0.001) ( Table 2 ).
The length of treatment was longer than 10 min (mean, 590 s; sd, 54 s) for all casualties in the control group, with one exception. All casualties in the study group were transferred to decontamination facilities within 10 min (mean, 207 s; sd, 106 s; range, 1-9 min). Application of the Mann-Whitney U-test to compare the independent groups revealed a highly significant difference between groups (U ϭ 12; P Ͻ 0.001) because the duration of treatment in the study group was significantly shorter.
In the study group, a Student's t-test for comparing 2 independent variables with nonequal variance confirmed that the duration of treatment by anesthesiologists was significantly shorter than by physicians of other specialty fields (t ϭ 8.24; df ϭ 58.54; P Ͻ 0.001). The mean duration of treatment was 111 s (sd, 30 s) for the anesthesiologists and 248 s (sd, 100 s) for the others.
No association was found between the specialty of the physician (pediatrics, anesthesiology, surgery, and internal medicine) and patient survival ( 2 ϭ 1.71; df ϭ 3; P ϭ 0.64). This was also true when the study and control groups were studied separately, insofar as most physicians could not save the casualties, regardless of their training expertise, in the control group ( 2 ϭ 1.88; df ϭ 3; P ϭ 0.59), whereas most casualties survived in the study group regardless of the physicians' skills and training background ( 2 ϭ 3.76; df ϭ 3; P ϭ 0.29).
No association was found between the age of the casualty and the outcome ( 2 ϭ 0.54; df ϭ 2; P ϭ 0.76) in the control group: most of the casualties did not survive whatever their age. In the study group, however, 100% of the neonates, 87.5% of the pediatric casualties, and 64.3% of the adult casualties survived ( 2 ϭ 7.29; df ϭ 2; P ϭ 0.03). Sixty-four of the 72 attempts of IO insertion performed by 64 physicians were successful, yielding a success rate of 89%. All simulated casualties had a device inserted within three attempts.
Complications during use of the IO gun included displacement of the IO needle (in 3 of 72 attempts) and misplacement of the IO needle (in 5 of 72 attempts). Inappropriate handling of the BIG, i.e., holding the device with the needle tip pointing toward the hand of the caregiver, rather than the casualty's bone, was prevented by the instructors of the simulated setting, when it almost occurred twice in 72 attempts of BIG insertion.
All participants expressed great satisfaction with the addition of the IO needle to conventional treatment modalities, and all 64 study group physicians agreed that the device should be incorporated into the arsenal of modalities for the early stages of treatment of chemical warfare casualties. Eleven of them believed that further instruction and experience with the BIG device were warranted.
Discussion
Simulation-based medical training of medical teams in the treatment of chemical warfare casualties demonstrated a significantly increased survival rate when a spring-driven trigger-operated IO infusion device was used compared with the conventional treatment of giving medication by using automatic or regular injectors.
Our results demonstrated that the survival rate increased from 3.3% to 73.4% and that the treatment time decreased from a mean longer than 10 minutes to 3 minutes in casualties whose caretakers used the BIG compared with controls who were treated conventionally. These results indicate a potentially valuable contribution of the BIG to the treatment of casualties of chemical warfare.
Previous studies had demonstrated that medical performance while treating nerve gas casualties in full protective gear may be influenced by physiological or psychological variables (18) . These variables include increased respiratory effort and restricted visual field induced by the gas mask, interference with manual dexterity by the chemical protective gloves (19) , and excessive heat load induced by the multilayered over garment (20) . Moreover, it was demonstrated that emergency medical technicians' speed of performance was affected by physical protection; the effect of gloves on manual dexterity was described as a major limiting factor (21). Hendler et al. (22) evaluated the ability of anesthesiologists wearing full protective gear to manage airways in mannequins. The time needed for orotracheal intubation was prolonged from 47.3 Ϯ 6 seconds without to 69.2 Ϯ 7 seconds with full protective gear, and repeated training did not improve performance.
In this study, anesthesiologists in the study group completed their treatment much faster than other specialist physicians (t ϭ 6.025; P Ͻ 0.001). This finding might be worth considering in assigning physicians to treat casualties in this setup.
The IO device used in this study was the BIG, which is spring driven. Hand-driven devices, such as the threaded-needle SurFast (Cook Critical Care, Bloomington, IN) and the straight-needle Jamshidi needle (Baxter Healthcare Corp., Deerfield, IL) models may take longer to insert and have a greater reported failure rate (8) . These differences might be more pronounced in the chemical warfare mass casualty scenario, in which the user is wearing protective gear. Another commercially available spring-driven device is the First Access for Shock and Trauma (Pyng Medical Corp., Richmond, BC, Canada). This device, however, was rated lower by emergency teams in a previous study (8) . The need for applying a patch to the skin over the casualty's sternum as part of the insertion technique is less suited for the chemical warfare mass casualty scenario when casualties have moist skin. The mean placement time of the BIG was 21 seconds (sd, 18 seconds) in our study and 70 seconds (sd, 33 seconds) in a previous report (8) . This difference may be explained by the element of urgency in our simulated scenario.
Our overall failure rate of the IO device or its use was 10 (13.8%) of 72 attempts compared with 2 (6%) of 31 insertions in a previous report (8) . The complications encountered in the use of an IO included its displacement or misplacement. The 4% IO misplacement rate is disturbing because the correct position was actually marked on the simulated adult leg. A possible explanation for the misplacement rate, the displacement rate, and the near-miss accidents of inappropriate handling of the BIG might be the effect of the full protective gear used while performing the procedure. Previous studies that measured failure and complication rates of the use of this IO device did not consider its use under the extreme conditions of full chemical protective clothing and masks. There were 29 cases of failure of intubation in the 30 casualties of the control group in whom drugs could not be administered IV. No intubation failure occurred in the 64 casualties of the study group in whom drugs were administered IO.
IM injection of midazolam resulted in a lapse of more than five minutes before any clinical response to the drug in both the study and the control groups. This time frame has been described by others and is expected to be even longer under conditions of shock and decreased peripheral perfusion (16, 17) .
Long-term complications could not be estimated in this simulation-based study, but they have been reported by others in Ͻ1% of patients after IO infusion (23, 24) . They included tibial fractures (25) , lowerextremity compartment syndrome or severe extravasation of drugs (26, 27) , and osteomyelitis (20, 28) . Some of these complications could be avoided by heightened awareness. Local effects of IO infusions on the bone marrow and on bone growth have been shown to be minimal both in animal (29, 30) and in human (31) studies.
Advanced medical simulation is routinely used to expose medical teams to critical and relatively rare events in the field, operating room, emergency department, or critical care department, and it was used in this study to simulate an unfamiliar situation. The scenarios developed for this study were designed with the aid of experts in toxicology, trauma care, critical care, and anesthesiology. Unlike conventional medical scenarios, however, which are based on broad clinical experience, the medical information on nerve gas intoxication is limited, and most information stems from a few reports in the medical literature and data from a terrorist attack in Japan (15) . These features limit the ability to predict the clinical dynamics of various scenarios for the purposes of simulation.
In addition, the inevitable psychological stress and its effect on the performance of the medical teams during real nonconventional warfare will probably far exceed the level of stress they might experience during simulated training, and the negative repercussions on their performance will probably reflect this likelihood.
Another limitation is that outcome is difficult to interpret in a simulated setting such as the one we describe. The scenario designer programmed the outcome of "certain death" for casualties who received no intervention and guaranteed favorable outcome when the required steps were taken by the caretaker. This, of course, is unrealistic. The scenarios were, however, reviewed by experts in chemical warfare medicine and were approved by them as possible and probable, and the participants were instructed to approach them as authentic.
The aim of this study was to evaluate the use of a spring-driven, trigger-operated device for the insertion of an IO needle in the emergency treatment of severe chemical warfare casualties by medical teams wearing full protective gear. Advanced medical simulations of casualties of all ages were used for the evaluation. Our finding showed that the IO gun could play an important role in the immediate treatment of severe chemical warfare casualties. We propose a change in treatment protocol when the device is available in this setting and suggest considering the incorporation of similar devices as part of the standard equipment in the emergency treatment of mass casualties of chemical warfare.
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